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h i g h l i g h t s
• Measurement of forces on a
NACA0015 hydrofoil in reverse
flow : sharp leading edge, rounded
trailing edge.
• Strong discontinuity of lift with hys-
teresis is observed around 0° angle of
attack.
• Leading edge separation on suction
side triggers transition.
• Turbulent suction side boundary
layer separates farther on rounded
trailing edge than on laminar
pressure side.
g r a p h i c a l a b s t r a c t
a b s t r a c t
This work presents an experimental investigation of a hydrofoil in reversed flow configuration in
the context of marine current turbine development. Experiments consist in hydrodynamic force
measurements and PIV flow observations on a NACA 0015 hydrofoil, at 5 × 105 Reynolds number. The
hydrofoil in reversed flow produces a higher lift than in the classical forward flow for very low angles
of attack and proved to be relatively efficient for an angle of attack lower than 10°, despite a much
higher drag than the same foil in direct flow. Moreover, the lift coefficient shows a discontinuity with
an hysteresis effect when the angle of attack is varied up and down around zero-degree. It is shown that
the sharp leading edge generates an early Leading Edge Separation Bubble on one side (suction side) even
for vanishing angles of attack. This separation bubble triggers the transition to turbulence of the boundary
layer on the suction side while the pressure side boundary layer remains laminar. As a consequence,
separation on the rounded trailing edge occurs farther downstream on the (turbulent) suction side
compared to the (laminar) pressure side. The Leading Edge Separation Bubble and the inherent up–down
asymmetry in the boundary layer regime are responsible for the lift singularity.
E-mail addresses: jean-baptiste.marchand@ecole-navale.fr (J.-B. Marchand),
jacques-andre.astolfi@ecole-navale.fr (J.A. Astolfi), patrick.bot@ecole-navale.fr
(P. Bot).
1. Introduction
In a context of development of renewable energies, there is a
growing interest in marine energies. Among them tidal currents
are presented as a potential candidate because of the high density
of seawater and the predictability of tides at a given location.
However, toughness of the marine environment makes harvesting
the kinetic energy of tidal currents a technical challenge, to
propose an efficient and reliable tidal turbine application for
an industrial purpose. This requires development of appropriate
solutions for turbines to guarantee sufficient energy production
while reducing maintenance needs. Among several constraints,
tidal turbines have to be adapted to quasi bidirectional flows
produced by ebb and flood alternation, which is characteristic
of many potential extraction sites. In the case of horizontal
axis turbines, adaptation of the rotor can be made with several
systems. An individual reversing system for each blade can be
used. Orientation of the whole turbine can also be done through
a yaw adjustment system, controlling the position of the turbine
hub. Nevertheless it involves complex technical systems, with the
risk of lower robustness and reliability of the turbine, and higher
maintenance costs. A simpler solution can be to use blades in
forward and reversed flow without any mechanical adjustment.
Power regulation can be achieved by controlling the rotational
speed. In this case, specific rotationally symmetric bi-directional
blades or a uni-directional section in forward and reverse flow
can be used [1,2]. Nonetheless both solutions result in geometrical
peculiarities. In the case of the reversed hydrofoil, a thick rounded
trailing edge and a sharp leading edge may lead to an unusual
hydrodynamic behavior.
The objective of this paper is thus to give a new insight into
the reversed hydrofoil behavior in the context of marine current
turbines.
Before any turbine performance assessment it is interesting
to properly analyze the characteristics of the two-dimensional
foil section. For the reversed foil, detailed studies are rare in the
literature, even more so regarding hydrofoils. However partial
properties of two-dimensional reversed foil sections can be found.
Indeed, several studies have been conducted on several airfoils
for a complete range of angle of attack from 0° to 360°, including
the reversed configuration (180°). Pope [3] studied a NACA 0015
foil for the complete range of angle of attack. Measurements were
carried out at the Georgia Institute of Technology on a smooth
foil. At a Reynolds number value of Rec = 1.23 × 106, both
balance measurements and pressure integration gave a maximum
lift coefficient in reversed flow of 0.8 occurring at 10° angle of
attack. Moreover, Pope [3] reported a lift and pitching moment
not null at 0° reversed, but this result was attributed to tare and
interference effects. Critzos et al. [4] showed lower performance
of the reversed NACA 0012 airfoil regarding lift to drag ratio in
comparison to the regular configuration. They noticed too a lift
discontinuity around the zero angle of attack reversed, for Rec =
5 × 105. The discontinuity disappears when Reynolds number
increases to 1.8×106. It is stated to be generated by an asymmetry
in location of the separation point along the chord, between upper
and lower surfaces of the foil.
Several other studies have been carried out for the complete
range of angle. However there is no apparent focus on the reverse
flow configuration resulting in large angle steps in that zone. For
example, [5] present performances of several NACA foils for a large
range of Reynolds number values. Their data is based on both
numerical and experimental investigations. Hoerner [6] also gives
an overview of reversed foil behavior in comparison to forward
flow. He observed that inmost cases a lift coefficient of 0.7–0.8 can
be expected which is approximatively 50%–70% of the lift reached
in forward flow. The lift coefficient limit seems to be linked to
long bubble type leading edge separation, as stated by Hoerner [6].
Obviously, drag is drastically increased compared to a forward
configuration. Robinson [7] also presents some properties of an
airfoil at an angle of attack ranging from 0° up to 180° carried
out in the framework of studies about bullet impact effects on the
aerodynamic properties of helicopter blades. Laitone [8] also gives
an overview of reversed NACA 0012 characteristics but measured
at lower Reynolds Number. He concluded that, at low Reynolds
Number, a sharp leading edge can be an advantage. More recently,
Timmer [9] has explored performances of DU type sections on the
whole range of angles of attack and at relatively high Reynolds
number (Rec = 7 × 105) for application to wind turbines.
Finally, Smith et al. [10] presented a numerical study of two
foils: aNACA0012 and a SC1095 in reverse-flow configuration. This
study was conducted in the context of rotor craft development, as
at high advance ratio a portion of the blade experiences a reverse
flow. Numerical studies conducted using URANS, k − ω SST and
LES models have been compared to experiments from [4,11,3].
Numerical results in reversed flow configuration have been shown
to be particularly grid sensitive, with for example a difference
on the lift that can reach 25% between an O-grid and a C-Grid
architecture. They also noticed the importance of the leading edge
geometry in such a flowing configuration. Generally, those works
have shown relative performance as well as specific behavior of
reversed profiles. However, most of the available data is proposing
a quite large angle-step (2°) around 180° angle of attack, meaning
that the behavior of the reversed foil may be only partially
captured.
A large amount of work has been done on Laminar Separation
Bubbles (LSB) on classical airfoils with rounded nose (see e.g. [12,
13] and references therein). The effects of the LSB on the suction
side boundary layer transition and then on the airfoil performance
have been well documented. In the case of foils with a sharp
leading edge, such as the NACA 0015 in reversed flow, the leading
edge separation bubble due to immediate separation right at
the leading edge is quite different from an LSB, despite some
similarities. Such separation bubbles on sharp leading edges
have been identified in wind engineering and particularly in the
aerodynamics of yacht sails [14,15] where they strongly affect
the pressure distribution, hence the lift coefficient. Crompton
and Barrett [16] gave a detailed analysis of the structure of the
separation bubble on a flat plate with a sharp leading edge thanks
to Laser Doppler Velocimetry.
In this paper, an experimental analysis is carried out on a two
dimensional NACA 0015 section, with a focus on lift and drag
measurement in reverse flowing configuration. The interpretation
of results based on an asymmetry of the boundary layers regime
on both surfaces is supported by 2D URANS simulations with both
fully turbulent and transition models.
2. Experimental set-up
Measurementswere carried out on both the reverse and regular
foil configurations (Fig. 1) in the hydrodynamic tunnel of the
French Naval Academy Research Institute (IRENav).
The tunnel test section is 192 mm ∗ 192 mm and 1 m long
downstream of a 1/9 contraction convergent (Fig. 2). The onset
velocity ranges from 2.5 m/s up to 12 m/s. Pressure can be set
between 0.1 and 3 bars and the measured turbulence intensity in
the test section is 2% at 5 m/s.
The hydrofoil is a two-dimensional NACA 0015 section with
100 mm chord, 191.5 mm span and 15 mm maximum thickness.
It is made of mirror polished stainless steel material. In some
cases, measurements are also carried out using roughness strips
to trigger a turbulent boundary layer. The roughness is made of
1200 grain sandpaper, corresponding to 15 µm grain height. The
sticking process allows for a 0.15 mm final roughness thickness.
Rough bands are 3 mmwide and positioned at 2% of the foil chord
from the leading edge, on both surfaces (Fig. 3), to keep the sharp
geometry of the leading edge in reversed flow.
The profile is mounted at mid-height of the test section,
cantilevered on a 3-component hydrodynamic balance with a
range up to 1700 N for lift force, 180 N for drag and 43 N m for
pitching moment.
(a) Regular. (b) Reverse.
Fig. 1. Regular and reverse foil configurations.
Fig. 2. Tunnel test section characteristics and hydrofoil position.
Fig. 3. Location of the added roughness on the reversed NACA 0015. The actual shape of the sharp leading edge in reverse flow corresponds to a 0.5 mm thick flat frontal
surface and corners with 0.01 mm radius of curvature (Fig. 9).
(a) Side view. (b) Details of the foil
fastening system.
Fig. 4. Overview of the mechanical set-up of the hydrodynamic balance and zoom on the fastening system.
As shown in Figs. 2 and 4, the whole system is installed on
the back of the tunnel test section. The balance is fixed into a
supporting frame, mounted on bearings, and driven in rotation by
a stepper motor. The stepper motor allows for 600000 impulsions
per rotation, meaning a resolution of 6 × 10−4°. Control is done in
position, but rotational speed and acceleration can also be adjusted
bymeans of a generator driven from a Labview software, including
a graphical user interface. Link between the frame and the stepper
motor is made using an hydraulic ring to ensure a secured and
rigid joint. This way, the foil rotation is done by moving the whole
balance. Finally, the foil is fastened into the balance, secured by a
tight fitted key/nut system.
The geometric 0° angle of attack of the hydrofoil is positioned
with the foil chord set parallel to the flow using a wedge. As the
test section is horizontal, it can also be visually controlled using
the water surface at mid height when filling the tunnel. Finally,
as the foil section is symmetric, geometrical 0° AoA is located
when lift is null in the direct flow configuration. This way, an
accuratemeasurement of zero-lift angle is used for the final 0° AoA
positioning. The absolute error on the hydrofoil angular position
has been evaluated to less than 0.1°, while the repeatability was
evaluated to 0.01°. No angular slack was observed neither visually
nor manually.
Balance data recording required several tools for electric supply
of sensors as well as for raw signal processing (Fig. 5). A IOtech
strainbook 616 is used for strain gauges electrical supply and
primary data recording. Tensions obtained for each load cell is
sent to a computer where associated forces and coefficients can be
viewed using a graphical user interface. Alternatively, processing
can also be reworked from raw data, using a Matlab routine. As
shown in Fig. 5, data processing can be decomposed into 3 main
parts. First the raw signal is converted from V to mV/V, using the
Fig. 5. Force measurement using the hydrodynamic balance, data processing.
supply tension. Secondly, as load cells are coupled, a calibration
matrix is used to obtain forces in the Hydrodynamic Balance
coordinate frame. The calibration matrix is obtained by static
measurement on a dedicated test bed using calibrated weights.
Thirdly, as the hydrodynamic balance follows the rotation of the
hydrofoil, a rotation matrix is applied to project forces in the
coordinate frame of the tunnel test section using the angle of
attack. Measurements were carried out at 5 m/s, resulting in a
Reynolds number value of Rec = 5 × 105.
To complete global force measurements and computations, PIV
observations were carried out using a pulsed Nd-YAG type Laser
(Newwave Gemini Solo 2 15 Hz). A laser sheet generated with
a cylindrical lens, is positioned at mid span and normal to the
spanwise direction, above the foil. A CCD camera is also used with
a resolution of 1280 by 1024 pixels and a sampling frequency of
4 Hz in double frame. The software triggers double frame between
the laser sheet and the camera. One hundred image pairs are used
for mean value calculation at each angle of attack. Details on the
PIV measurement system are given in [17].
For each angle the balance was zeroed with no flow velocity,
to account for the weight and buoyancy of the foil. Measurements
were usually carried out with an angle-step of 1°, but refinement
(a) Lift.
(b) Drag.
Fig. 6. Lift and drag coefficients for the NACA 0015 hydrofoil in forward flow at
Rec = 5 × 105 .
(0.1°) was added near 0° angle of attack for the reversed
configuration. Forces were measured during 10 s at a frequency of
1 kHz. A delay of 30 s was observed between two angles of attack,
for the flow to stabilize. PIV measurements are simultaneous to
force measurements.
3. Results
The aim of this section is to describe the characteristics of a
NACA 0015 hydrofoil in reversed flow. First, sub-Section 3.1 shows
the results obtained in forward flow for reference. Moreover, tests
with a smooth surface hydrofoil are compared with tests with
roughness added near the foil leading edge to trip the boundary
layer transition (Fig. 3(b)).
3.1. Forward flow
The measured forward flow lift and drag are given in Fig. 6. In
the smooth configuration, themaximum lift coefficient reaches 1.2
with a plateau from 13° to 18° angle of attack, similar to values
observed by Sheldahl and Klimas [5]. Beyond that angle, massive
flow separation occurs on the suction side. It leads to a lift drop as
well as an important increase of drag.
A hysteresis loop is visible on both lift and dragwhen increasing
or decreasing the angle of attack near the stall angle in the smooth
configuration. This phenomenon generally occurs at relatively low
Reynolds numbers and several studies have been conducted on
the subject [18–21]. According to Mueller [19] this is linked to
turbulence transition and separation, introducing a delay in flow
reattachment when angles of attack are decreasing, compared
to when increasing. Baragona [22] showed that the Laminar
Separation Bubble bursting in the leading edge zone is responsible
for occurrence of the hysteresis loop. In the present case, the
hysteresis loop could also be favored by the low turbulence level
in the tunnel, as suggested by Hoffmann [23].
Between 6° and 8°, it is observed that the lift coefficient deviates
from the theoretical linear curve 2πα. This bump in the curve
was also observed in simulations with a transition model [17,
12], where it could be associated to the position of transition
points on the hydrofoil. The inflexion occurs when the pressure
side transition point reaches the trailing edge and the transition
is close to the leading edge on the suction side. This behavior was
also observed by Sheldahl and Klimas [5] and on a NACA0018 by
Timmer [24].
It is interesting to notice that adding roughness near the leading
edge suppresses the lift inflexion around 7° AoA and reduces the
hysteresis loop around stall, as shown on Fig. 6. This confirms the
origin of both phenomena, i.e. the laminar/turbulent transition.
Finally, on experimental data, the addition of roughness induces
a slight lift decrease and a higher drag level in the linear zone,
compared to the smooth configuration.
3.2. Reversed flow
Measured lift and drag in reversed flow are shown in Fig. 7 for
both smooth and rough conditions, with a refined investigation
with 0.05° steps around 0°. Regarding the lift, the smooth
configuration is characterized by an important discontinuity
around 0° angle of attack. The lift coefficient suddenly jumps from
CL = −0.2 up to CL = 0.2 when the angle or attack is increased
through zero and no value of CL is measured between these values.
Moreover, an hysteresis loop occurs between −0.25° and 0.25°
when increasing or decreasing the angle of attack. About 25% of
the maximum lift is achieved in a variation of only 0.25° of angle
of attack. It should be noted that special care was taken in the foil
fastening and angle of attack control, and it was carefully checked
that this discontinuity and hysteresis are not due to a slack in the
angle of attack setting. When roughness is added near the leading
edge (see Fig. 3), the lift discontinuity and hysteresis around 0°
disappear and the lift increases linearly with angle of attack until
3 to 4°, with values lower than for the hydrofoil in forward flow.
For higher angles of attack, CL increases more rapidly and tends
to the same maximum value as for the smooth hydrofoil, also
observed around 10° angle of attack. The lift curve obtained with
roughness addition is very similar to that published by Yates [25]
from experiments of Smith on a reversed NACA 0012 [10].
The overall lift level is thus not as low as it might have
been expected for a foil used in the wrong direction, but it is
counter balanced by a higher drag level. For both the smooth and
roughened configurations, the drag in reversed flow is generally
higher than in the forward case. Between −7° and 7° angle of
attack in reversed flow, the drag measurements on the roughened
hydrofoil are surprisingly lower than in the smooth case. It may
be that the tripped turbulent boundary layer reduces the pressure
drag due to the lowpressure zone behind the rounded trailing edge
which results in a lower overall drag compared to the smooth case.
The PIV velocity field measurements can help understanding
the experimental results on lift and drag in the reversed flow,
and particularly around the sharp leading edge. Fig. 8 shows the
time-averaged velocity field measured in the vicinity of the sharp
leading edge at 0.5° and 3°. Separation of the flow is clearly visible
from the leading edge sharp corner at 3° angle of attack, and the
flow reattaches downstream. This leading edge separation bubble
is about 10 mm long and 1 mm thick. At 0.5°, a small separation
bubble is still visible right after the leading edge corner, with a
length of the order of 1 mm and a thickness of order 0.1 mm.
4. Discussion
4.1. Lift discontinuity
The sharp leading edge and rounded trailing edge NACA 0015
in reversed flow shows a lift discontinuity with hysteresis around
0° angle of attack. This discontinuity is removed by the addition of
roughness near the leading edge. We suspect this phenomenon to
be an effect of the asymmetry in the regime of the boundary layers
on both sides, due to an early transition to turbulence on only
one side. The transition on the suction side may be triggered by a
separation bubble at the sharp leading edge. Indeed, Leading Edge
Vortices are known to strongly affect the lift in many cases in wind
engineering and particularly yacht sails [14,15]. In the present case
of the reversed flow, a leading edge separation is likely to occur
even for very small angles of attack, due to the sharpness of the
leading edge.
To assess this interpretation and to analyze the effects of bound-
ary layer transition, 2D RANS simulations were performed on the
reversed NACA 0015 configuration based on the experimental set-
up, both with a fully turbulent model and with a transition model.
4.2. Effect of the transition model in 2D URANS simulation
Results obtained from the numerical investigations help
understanding the specific behavior observed in the experimental
results.
4.2.1. Numerical set up
Numerical investigations were performed using the
RANS/URANS code Ansys CFX R⃝. Calculationsweremade using two
models.
A k − ω SST turbulence model is chosen, as described by
Menter [26] and Menter et al. [27] (named SST henceforth). It
combines a k − ϵ model in the far field and a k − ω model near
walls. K − ϵ model has difficulty representing the behavior of the
detached boundary layer, whereas the k − ω model as presented
by Wilcox [28] is known to better model the detached boundary
layer.
As experiments are carried out at a moderate Reynolds number
(5 × 105), where laminar/turbulent transition can occur, it is
completed by a CFD compatible transition model [29]. The γ −
Reθ two-equation based transition model, as described by Menter
et al. [30] and Langtry and Menter [31], is chosen (SST-TM
thereafter). The first equation defines an intermittency function γ
used to turn on turbulent kinetic energy production downstream
of the transition point. The second one is a transport equation
including the momentum thickness Reynolds Number (Reθ ), the
transition onset Reynolds number. Its value in the boundary layer
is a function of the boundary layer momentum thickness whereas
outside the boundary layer it is forced to values provided by
experimental correlations. This second equation is introduced to
avoid additional non-local operations.
(a) Lift. (b) Drag.
Fig. 7. Lift and drag coefficients for the NACA 0015 hydrofoil in reversed flow at Rec = 5 × 105 . Graphs at the bottom show enlargements around 0° angle of attack.
Computations are run using a 2-D fully structured mesh, with
dimensions based on the geometry of the tunnel test section.
This allows to account for the blockage effect occurring during
experiments, particularly at high angles of attack. Indeed, adequate
mesh refinements are positioned at the foil surface as well as on
test section walls, to correctly model velocity profiles.
The numerical model was defined according to standard
recommendations and to a detailed verification process (mesh and
time step convergence particularly) achieved in former works in a
similar configuration [17,12,32]. The resulting mesh is illustrated
in Fig. 9. The final mesh is made of 130000 nodes. It consists in a
fully structured hexahedral mesh, based on an O–H architecture
and including an O-grid of 80 layers up to 20–25 mm around
the foil. The foil is described by a B-spline using 460 points, with
refinements in high curvature zones such as leading and trailing
edges.
According to meshing standards, average y+ at the foil and test
section walls has been set to 1. First cell thickness can therefore
be determined using Schlichting [33] formulations. The deployed
mesh is characterized by a first cell thickness set to 10−6 m, which
results, after calculations, in y+avg < 1, y
+
min > 5 × 10
−2 and
y+max < 3.5 at the profile surface.
Mesh propagation at the boundary layer is done using a
geometric expansion law applied to the O-grid. Expansion ratio at
the walls is set between 1.1 and 1.2, to provide a sufficient number
of cells in the high velocity gradient zone at the foil’s surface,where
the boundary layer is the thinnest.
As the simulation results were found to be sensitive to the
refined geometry of the sharp leading edge, special care was taken
tomesh the sharp leading edge of the reversed hydrofoil, according
to the actual geometry of the tested hydrofoil. Microscope
observations revealed that the leading edge can be accurately
modeled by a 0.5 mm thick flat frontal surface and corners
with 0.01 mm radius of curvature, corresponding to the accurate
geometry modeled (see Fig. 9).
A refinedmesh has been set as well around the rounded trailing
edge and nearwake in order to correctly resolve the hydrodynamic
forces.
Boundary conditions are defined to reproduce the IRENav
hydrodynamic tunnel test section. This way, the Top and Bottom as
well as the foil surface are defined as no slip walls. The inlet is set
with a flow velocity of 5 m/s and the Outlet with a relative average
pressure forced to 0 bar. The calculation domain is shown in Fig. 9.
Time step value is also chosen after a sensitivity study regarding
both average and fluctuating effects. The final value is set to 10−4 s.
Calculations are considered valid when maximum residual
values are under 10−5 for steady cases and 10−4 for unsteady cases.
For unsteady calculations, the total simulation time is set to 2 s
which is approximatively five times higher than the time for the
fluid to travel through the whole domain.
This numerical configuration derives from a sensitivity study,
regarding mesh size and time-step value and adapted from
methods presented by Delafin et al. [34] and Ducoin [32] and
developed in the laboratory. A detailed verification procedure
Fig. 8. Flowfield measurements carried out on the reversed NACA 0015 using PIV, smooth configuration, Rec = 5 × 105 .
(a) Complete mesh.
(b) Mesh around the leading edge. Front face is
0.5 mm thick.
(c) Zoom on the leading edge corner.
Fig. 9. Mesh around the NACA 0015 designed for reversed flow calculations.
is out of the scope of this paper but extensive verification and
validation have been made in a similar configuration, see [12,17].
4.2.2. Simulation results
The discussion of numerical results focuses on the different
estimations of the lift coefficient from the fully turbulent model
(SST) and from the transition model (SST-TM). The drag is
not accurately predicted by the present computations because
3D effects are significant on the drag in the experiment, and
resolving the dragwould require to accuratelymodel the boundary
layer separation around the rounded trailing edge which would
necessitate amore refinedmesh and/ormore advancedmodels like
LES and DES as stated by Smith et al. [10].
Fig. 10 shows the average lift coefficient computed with the
fully turbulent (SST) and transition (SST-TM) models, compared to
experimental results with roughened and smooth surfaces.
The overall lift level is generally under predicted by both
numerical models. It is noticeable that, while the fully turbulent
calculation fails to predict the lift jump observed in experiments
on the smooth foil, with addition of the transition model the
discontinuity appears. This corroborates the difference observed
between smooth and rough experiments, confirming the close
relationship between the occurrence of transition and the lift
discontinuity.
Fig. 10. Numerical and experimental results for average lift coefficient, with the
NACA 0015 hydrofoil at Rec = 5 × 105 in reversed flow. The lift coefficient for
the smooth surface case in forward flow and at the same Reynolds number value is
added for information.
Both models show the occurrence of an early leading edge
separation bubble, as can be seen in Fig. 11, which show flow fields
similar to the experimental PIV velocity field.
The extent of the leading edge bubble at low angle of attack
(Fig. 11(a) and (b)) is sensitive to the boundary layer model.
Activation of the transition model allows the development of a
longer leading edge bubble, which contributes to the increase
of lift. At higher angles, the difference is much more limited
between SST and SST-TM calculations (Fig. 11(c) and (d)). Looking
more precisely at the case 0.5° angle of attack, one notices that
considering the transition leads to a stagnation point located lower
on the frontal surface and a longer leading edge bubble, resulting
in a much higher velocity above the foil and more flow deviation
upstream (upwash effect), what corresponds to a higher lift.
The variation of lift coefficient with angle of attack shows the
same slope for both the SST and SST-TM computations between
0.5° and 10°, but with an offset of 0.15 when using the transition
model. It is interesting to note that in numerical results, the
transition model induces a lift offset over the fully turbulent case
which exists and is the same for all non-zero angles of attack.
Fig. 12 shows the location of the transition on the foil surfaces
as a function of angle of attack, detected in the SST-TM simulations
by the appearance of turbulent kinetic energy. At 0° angle of attack,
the transition point is located near the trailing edge on both sides
of the foil (xtr/c ≃ 0.9). For any non-zero angle of attack, the
transition on the suction side (lower surface for α < 0, upper
surface for α > 0) switches to the leading edge (xtr/c ≃ 0)
while the transition on the pressure side is barely moved. As
is well-known around bluff bodies, the regime of the boundary
layer affects the location of the separation point near the rounded
trailing edge. Fig. 12 shows the location of the separation point
on both sides and from both numerical models. With the fully
turbulentmodel, separation occurs at xdet/c = 0.945 on both sides
at 0° incidence and very gentlymoves upstreamon the suction side
and downstream on the pressure side when the angle of attack is
increased. With the transition model, at 0° incidence, separation
takes place at xdet/c = 0.845 on both sides because laminar
separation occurs earlier than for a turbulent boundary layer. For
α = 0.5° however, the separation abruptly jumps downstream to
xdet/c = 0.95 on the suction side and barelymoves on the pressure
side. For higher angles of attack, both separation locations show
the same trends than with the fully turbulent model, but keep the
significant offset established at α = 0.5° (see Fig. 13).
4.2.3. Origin of lift discontinuity and hysteresis
According to the experimental results, and supported by
the simulations presented above, we can infer the following
mechanism, as depicted on Fig. 14. For any non-zero but small
angle of attack, the sharp leading edge imposes separation to
occur right after the leading edge on the suction side of the foil,
as the stagnation point is no longer on the very leading edge.
The resulting leading edge bubble triggers an early transition to
turbulence on this side, which then enables the boundary layer
to stay attached farther downstream on the rounded trailing edge
than the laminar boundary layer on the pressure side. The resulting
asymmetry is responsible for the creation of circulation around the
foil associated to a lift force, even for very small angles of attack.
Furthermore, for the value of Reynolds number tested here,
we think that the zero-lift symmetric flow pattern at zero-degree
angle of attack is unstable. We suspect that any infinitesimal
perturbation in front of the foil moving the stagnation point out
of the symmetry plane generates a leading edge separation on
one side which triggers transition and delays separation near the
trailing edge. The resulting lift and associated velocity circulation
around the foil amplifies the upstream flow deviation, enhancing
the asymmetry until saturation in a stable state with a finite
amount of lift. This would explain the existence of two stable (or
metastable) states in a narrow incidence range around zero and
the observed hysteresis when increasing or decreasing the angle
of attack. This destabilization is not observed in the simulation
at α = 0° because of the absence of perturbation. Such a
behavior may resemble an asymmetric scenario reported for the
drag crisis transition of a circular cylinder, called the one-bubble
state [35]. Moreover, the lift jump observed here could be related
as well to the lift crisis phenomenon reported by Bot et al. [36]
on asymmetric bodies. For further work, it would be interesting
to investigate how this spontaneous symmetry breaking appears
when increasing the Reynolds number from a laminar flow, and to
measure how the bistability range in angle of attack changes with
Re, in order to characterize the related bifurcation.
Finally, the present work is based on time-averaged measure-
ments and the few PIV flow visualizations have low space and time
resolution, but the flow shows significant unsteadiness. To better
analyze the physical mechanisms involved in the separation bub-
ble and boundary layers, it would be interesting to perform amore
refined investigation with high space and time resolution.
5. Conclusion
Regarding marine applications, there are domains where a
reversed flow can occur on a lifting surface. Depending on the
design strategy, tidal turbine blades can be subject to reversed
(a) SST—α = 0.5°. (b) SST-TM—α = 0.5°.
(c) SST—α = 3°. (d) SST-TM—α = 3°.
Fig. 11. Flow streamlines showing the leading edge separation bubble on the reversed NACA 0015, 2-D URANS calculations. Note the different geometric scale from top to
bottom (the leading edge vertical segment is 0.5 mm).
Fig. 12. Location of the transition point along the foil chord on both faces of the
NACA 0015 reversed flow, Rec = 5 × 105 , SST-TM numerical study.
flows due to ebb and flood alternation. It can occur as well on
marine propellers when going into reverse or during crash back
manoeuvres, or on control surfaces of AUV when manoeuvring as
well. Aerodynamic foil characteristics including 180° AoA, which
corresponds to the reversed flow, are available in the literature.
However, data are usually carried out with a coarse angle-step
and the reversed flow is not accurately described. For this reason,
experimental investigation of a NACA0015 hydrofoil in reversed
flow is carried out with force measurements at a Reynolds number
of 5 × 105 and particular attention has been paid to the behavior
around the zero degree angle of attack in reversed flow.
For a smooth hydrofoil around α = 0°, a discontinuity of lift is
observed with an hysteresis when increasing and decreasing the
Fig. 13. Location of the boundary layer separation point along the foil chord,
numerical results NACA 0015 reversed, Rec = 5 × 105 .
Fig. 14. Asymmetric boundary layers configuration on the NACA 0015 foil surface
in the reversed flow for α ≃ 0°. Note that for α ∈ [−0.5°; 0.5°], the up/down
asymmetry may be either as shown or upside down.
angle of attack. The lift coefficient suddenly jumps from −0.2 to
0.2 when the angle of attack goes through zero, with an hysteresis
loop for α ∈ [−0.5°; 0.5°]. No situation with zero lift is observed.
This singular behavior is canceled if roughness is placed near the
reversed foil leading edge to trigger turbulence on both sides
of the hydrofoil. With the help of 2D RANS simulations with a
transition model, this phenomenon is interpreted as the result
of the asymmetry in the boundary layers regime due to an early
transition triggered on one side by a leading edge separation,
while the boundary layer on the pressure side remains laminar.
The leading edge separation bubble and the asymmetry of the
boundary layers generate the lift discontinuity. Simulations in fully
turbulent flow, without transition model give the same results as
the experiments with added roughness, i.e. no lift discontinuity.
For further work, it would be interesting to perform time-
resolved measurements and simulations with more advanced
models to get more insight into the physical mechanisms
governing the leading edge separation bubble, the transition to
turbulence and the boundary layers characteristics.
More generally, the reversed hydrofoil proves to be relatively
efficient compared to the direct flow configuration for small angles
of attack, with a lift to drag ratio up to 12 at α = 5°. For a tidal
turbine blade or a marine propeller, the reversed flowing situation
may significantly affect performances and change structural
requirements. The existence of a lift discontinuity should be
accounted for in the design.
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